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Bioelectrocatalysis of Sulfite Dehydrogenase from
Sinorhizobium meliloti with Its Physiological Cytochrome
Electron Partner
Palraj Kalimuthu,[a] Ju-Chun Hsiao,[a] Remya Purushothaman Nair,[a] Ulrike Kappler,[a] and
Paul V. Bernhardt[a]
We demonstrate electrochemically driven catalytic voltammetry
of the Mo-dependent sulfite dehydrogenase (SorT) from the a-
Proteobacterium Sinorhizobium meliloti with its physiological
electron acceptor, the c-type cytochrome (SorU), with both
proteins co-adsorbed on a chemically modified Au working
electrode. Both SorT and SorU were constrained under a perm-
selective dialysis membrane with the biopolymer chitosan as a
co-adsorbate, while the electrode was modified with a 3-
mercaptopropionate self-assembled monolayer cast on the Au
electrode. Cyclic voltammetry of the SorU protein reveals a well-
defined quasireversible FeIII/II redox couple at +130 mV versus
NHE in 100 mM phosphate buffer solution (pH 7.0). Introduction
of wild-type sulfite dehydrogenase (SorTWT) and sulfite trans-
forms this transient SorU voltammetric response into a
sigmoidal catalytic wave, which increases with sulfite concen-
tration before eventually saturating. In addition to the wild-type
enzyme, the variants SorTR78K, SorTR78M, and SorTR78Q were also
examined electrochemically in an effort to better understand
the role of amino acid residue Arg78, which is in the vicinity of
the Mo active site of SorT.
1. Introduction
Sulfite is a highly reactive species generated naturally as an
intermediate of cysteine degradation, degradation of naturally
occurring inorganic and organic sulfur compounds. The reac-
tivity of sulfite can potentially cause lethal effects thus
detoxification of sulfite is essential either by oxidation to sulfate
or reduction to sulfur or sulfide.[1] To date two types of enzymes
are known that catalytically oxidize sulfite to chemically inert
sulfate; sulfite oxidase (SO) and sulfite dehydrogenase (SDH)[2]
The SOs are found in eukarya whereas SDHs are unique to
bacteria. Both SO and SDH share a structurally conserved Mo
active site comprising a bidentate pyranopterin dithiolene
(molybdopterin) cofactor, two oxido ligands and a cysteine
thiolate ligand. The differences between sulfite oxidizing
enzymes are principally in the presence (or absence) of addi-
tional redox cofactors as well as their tertiary structure, which
can have implications for the catalytic mechanism.[2b,3] For
example, the vertebrate SOs (e.g. from humans and chicken)
are homodimers bearing a heme b cofactor domain (His-His
ligation) linked to the Mo active site domain by a flexible loop.
The bacterial SDH from Starkeya novella is a heterodimer
bearing distinct but intimately associated Mo and heme c (His-
Met ligation) containing subunits. Plant SO (from Arabidopsis
thaliana) is a homodimer that contains only a Mo cofactor and
appears to be the only example of a sulfite oxidizing enzyme
that exclusively donates electrons to molecular oxygen rather
than to a c-type cytochrome.[2a,d]
Since the characterization of S. novella SDH, five additional
bacterial SDHs from various sources have been purified and
characterized in recent years (Thermus thermophilus, Deinococ-
cus radiodurans, Delftia acidovorans, Cupriavidus necator and
Sinorhizobium meliloti) and each contains the Mo active site as
their sole redox active cofactor.[4] However, in contrast to the
structurally analogous plant SO no activity with molecular
oxygen has been reported for these enzymes. In addition they
exhibit very low or no activity with horse heart cytochrome c
which is a highly suitable electron acceptor for all vertebrate
SOs and S. novella SDH. This highlights intrinsic differences in
the non-covalent interactions between enzyme and electron
transfer partner as well as thermodynamic (redox potential)
differences.
Recently, SDH from the soil bacterium S. meliloti (SorT) has
been isolated[4b,5] and structurally characterized[6] both in
isolation and in complex with its physiological c-type cyto-
chrome electron acceptor (SorU) (Figure 1). The crystal structure
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Figure 1. The heme and Mo cofactors in proximity within the SorT: SorU
complex: A) zoomed view of the cofactors and B) wide view of the two
proteins. Coordinates taken from PDB entry 4PW9.[6]
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of SorT identified a 78 kDa homodimer consisting of a Mo-
binding domain and a dimerization domain. Although they are
structurally related, SorT shares only 32% sequence identity
with the well characterized bacterial SorAB SDH from S.
novella.[3b,7] In addition, the crystal structure of SorT in complex
with its redox partner SorU revealed that there are several key
noncovalent attractive interactions between the two proteins.[6]
The role of R78 (in SorT) is particularly important in bridging
the Mo active site to the heme propionate groups in SorU and
bringing the two cofactors within proximity for fast electron
transfer during catalysis (Figure 1A). In this complex the
Mo…Fe separation is 16.5 A˚ while the closest Mo…heme
propionate separation is 8.1 A˚. These distances are similar to
those observed for the permanent electron transfer complex
present in the S. novella SorAB SDH.[3b]
The catalytic mechanism of the SorT / SorU / sulfite ternary
system is illustrated in Scheme 1. As a consequence of sulfite
oxidation, two electrons are transferred from the substrate to
MoVI (SorTox). The ensuing Mo
IV state (SorTred) then passes these
electrons, one at a time, to ferric SorU with the MoV form
(SorTint) an intermediate to the fully reoxidized active center.
Very recently, we reported the catalytic voltammetry of SorT
with the artificial electron acceptor ferrocene methanol (redox
potential +430 mV vs NHE) on a glassy carbon electrode and
determined kinetic parameters for the catalytic reaction.[8]
In the present study, we report cyclic voltammetry of the
cytochrome SorU and use this to drive electrocatalytic sulfite
oxidation with its physiological partner SorT SDH at a much
lower potential. The redox potential of SorU was previously
determined to be +111 mV vs NHE by optical spectroelec-
trochemistry.[6] Lowering the catalytic overpotential is partic-
ularly important in sulfite oxidation as non-specific oxidation of
sulfite at the electrode occurs at ca. +500 mV vs NHE (pH 8) so
interference from this response is problematic if high redox
potential mediators are used. In contrast to synthetic redox
mediators, physiological protein redox partners dock at specific
sites on redox enzymes and facilitate effective electron transfer
with minimal overpotential. However, the challenge is to
simultaneously enable the three key reactions: homogeneous
(SorT: SorU) electron transfer; heterogeneous (SorU:electrode)
electron transfer and the homogeneous SorT: sulfite catalytic
reaction.
Several strategies have been reported to achieve direct
electron transfer of small b-type or c-type heme proteins on
electrode surfaces.[9] One simple and effective method is to
adsorb the protein on an electrode by electrostatic attraction to
a chemically modified surface. For instance, the positively
charged horse heart cytochrome c is strongly attracted to
negatively charged electrode surfaces while the more nega-
tively charged b-type cytochromes are better attracted to thin,
positively charged films cast on an electrode.[10] Reversibility of
these attractive interactions is important as reorientation of the
proteins is necessary to enable hetero- (interfacial) and
homogeneous (protein-protein) electron transfer and also
substrate turnover.
In the present study, we report the catalytic voltammetry of
SorT with its natural electron acceptor SorU by co-confining
them with the biopolymer chitosan at a 3-mercaptopropionate
monolayer modified Au electrode. A dynamic SorU/SorT
complex is formed on the electrode surface, which exhibits
efficient bioelectrocatalytic sulfite oxidation. Furthermore, in
addition to the wild type enzyme (SorTWT) we have carried out
similar investigations using the variants SorTR78K, SorTR78M and
SorTR78Q where key substitutions of the amino acid R78
(Figure 1A) at the active site have been made.
2. Results and Discussion
2.1. Cyclic Voltammetry of SorU
The isoelectric point of the cytochrome SorU is 4.29.[5] This is
germane to its binding to SorT, which has been characterized
crystallographically revealing a charge and H-bonding comple-
mentarity at the SorT/SorU interface.[6] At pH 7 the terminal
carboxylate functional groups of the self-assembled 3-mercap-
topropionate (MPA) monolayer cast on the Au electrode (Au/
MPA) will be negatively charged and this would at first appear
incompatible with the SorU surface. Indeed only a modest
reversible CV response at +130 mV vs NHE was found for SorU
at this electrode at pH 7 (Figure 2A). Notably the current
Scheme 1. Schematic representation of the sulfite oxidation mechanism in
SorT with its physiological electron acceptor SorU.
Figure 2. Continuous CVs obtained for SorU in the A) absence and B)
presence of chitosan at a Au/MPA electrode (100 mM phosphate buffer
solution pH 7.0, scan rate 5 mVs1).
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diminished on each subsequent cycle and vanished altogether
after 3 cycles. This suggests that the SorU protein is both
weakly associated with the electrode but also mobile and the
noncovalent forces keeping the protein in contact with the
electrode surface are disrupted by reduction and oxidation.
Introduction of the glucosamine biopolymer chitosan
resulted in a greatly enhanced CV response (Figure 2B).
Interestingly the CV evolved over several cycles akin to a
‘conditioning’ process. An initial peak-to-peak separation of
260 mV (Figure 2B) narrowed concomitantly with an increase in
the anodic and cathodic current. After about 12 cycles no
further change was observed and a stable quasi-reversible
redox response of E’= +130 mV vs NHE (pH 7) with a peak to
peak separation (DEp) of 140 mV. This is consistent with the
heme (FeIII/FeII) redox potential of SorU determined by optical
spectroelectrochemistry (+111 mV vs NHE).[6] The increasing
SorU current as a function of cycle number indicated that the
SorU molecules slowly assemble into an optimal coverage on
the electrode surface. Narrowing of the peak-to-peak separation
indicates that the heterogeneous electron transfer rate is
increasing i. e. the heme cofactor is edging closer to the
electrode and interfacial electron transfer is more efficient.
Chitosan is clearly involved in this process. The acid base
properties of chitosan (where each glucosamine monomer
bears a single ionizable primary amine) are well understood
and its averaged protonation constant lies in the range 6.5<
pKa<7 depending on ionic strength and polymer molecular
weight.[11] Therefore at pH 7 the polymer bears some positive
charge and there should be a significant electrostatic attraction
between SorU and chitosan and also between chitosan and the
negatively charged Au/MPA electrode surface.
Removal of the dialysis membrane entrapping SorU at the
electrode surface resulted in loss of the redox response within 4
cycles at pH 7.0, even in the presence of chitosan (Supporting
information, Figure S1). This reiterates the fact that the protein
is highly mobile and is reversibly associating with the electrode
surface during the sweep. However, these essential non-
covalent forces between SorU, chitosan and the Au/MPA
electrode surface are weak, so physical entrapment of SorU
beneath the dialysis membrane is essential for a stable redox
response otherwise the protein is lost to the bulk solution.
The pH-dependence of the Au/MPA/chitosan/SorU redox
response was examined to further understand the nature of
this ternary electrostatic attraction between SorU, chitosan and
the electrode surface. Figure 3 shows the redox response of the
Au/MPA/chitosan/SorU electrode in the range 4.0<pH<7.5. At
pH 4.03 the reversible heme response appears at +175 mV
with DEp=30 mV. This is consistent with a surface confined,
electroactive species.[12] As the pH is raised, the peak separation
increases and the averaged peak potential drops slightly:
pH 5.05 (+155 mV, DEp 50 mV); pH 5.42 (+145 mV, DEp
104 mV) and pH 6.12 (+135 mV, DEp 120 mV). The modest pH
dependence of the redox potential indicates that electron
transfer is not associated with any proton transfer reactions
near the heme. The CV response continues to broaden at
pH 7.02 and at pH 7.54 it vanishes altogether. These results
reflect a pH titration of chitosan whereby the polymer becomes
ineffective in promoting the Au/MPA-SorU attraction once it
approaches charge neutrality.
The scan rate dependence of the SorU CV response was
probed at pH 7.0 (Figure 4). Two trends were apparent. Firstly
the anodic and cathodic currents increased linearly with the
square root of scan rate at pH 7.0 which more consistent with a
redox response that is diffusion limited, not surface confined,
which would be reflected by a linear dependence of current on
scan rate.[13] This reaffirms the dynamic nature of the SorU-
electrode interaction and shows that the protein is free to
adsorb and desorb rapidly. It should be mentioned that similar
scan-rate dependence has been observed in redox hydrogel
polymers[14] which was interpreted as involving self-exchange
(electron hopping) between the confined redox centers.
Secondly, a significant increase in the peak to peak
separation was seen as the scan rate was raised from 10 to
50 mVs1. This reflects slow heterogeneous electron transfer, so
both diffusion and interfacial electron transfer are limiting
factors to the SorU current response. Indeed scan rates above
Figure 3. CVs obtained for the Au/MPA/chitosan-SorU electrode in 100 mM
mixed buffer solution of different pH values at a scan rate of 5 mVs1.
Figure 4. A) CVs obtained for Au/MPA/chitosan-SorU electrode in 0.1 M
phosphate buffer solution (pH 7.0) at different scan rates of a) 10, b) 20, c)
30, d) 40, and e) 50 mVs1. B) Plot of the baseline-subtracted anodic current
vs the square root of scan rate (V s1).
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50 mVs1 could not be investigated due to the degree of
distortion of the peaks.
2.2. SorTWT-SorU Voltammetry
2.2.1. Catalysis
Electrocatalytic sulfite oxidation of SorTWT coupled with its
partner SorU was examined under the same experimental
conditions. In the absence of SorU the Au/MPA/chitosan-SorTWT
combination elicits no response in the absence or presence of
sulfite except for a high potential (> +400 mV) response due
to direct (non-specific) oxidation of sulfite at the electrode
(Supporting Information Figure S2). When SorTWT is combined
with SorU, without sulfite (Figure 5, curve a), a quasi-reversible
redox response for SorU again is established after about 12
cycles and centered at +130 mV. There is no significant
difference between the CVs in the presence or absence of
SorTWT. Upon introduction of 1.6 mM sulfite to the electro-
chemical cell (Figure 5, curve b), an amplified anodic current is
observed and the cathodic peak vanishes. This is indicative of a
catalytic homogeneous reaction coupled to heterogeneous
electron transfer (EC’ mechanism).[13] Here sulfite is oxidized
enzymatically, yielding SorTred which is reoxidized by electro-
generated SorUox. SorU is in no way affected by sulfite and it
cannot oxidize sulfite on its own (Supporting Information
Figure S3).
The onset potential of the catalytic wave (+100 mV)
coincides with that of the SorU redox couple indicating that
electrocatalysis is mediated by the highly dynamic SorU, which
shuttles between the electrode and SorTWT. The crystal structure
of the SorT-SorU complex revealed that in addition to the array
of electrostatic attractive forces at the SorT:SorU interface, there
are six H-bonds that stabilize and orient the two proteins in an
optimal way for electron transfer (Mo!Fe).[6]
2.2.2. Sulfite Concentration Dependence
Figure 6A illustrates the sulfite concentration dependence of
the voltammetry at the Au/MPA/chitosan-SorU-SorTWT electrode
at pH 6. The expected reversible wave is apparent for SorU at
+130 mV without sulfite (curve a), which develops into an
asymmetric catalytic wave as the concentration of sulfite rises.
The reaction is limited by sulfite diffusion across the membrane
hence the asymmetric waveform. The rise in current at
+400 mV is due to non-specific sulfite oxidation as mentioned
before.
A key region of interest is at the foot of the rising portion of
the voltammetry waves in the range 100–150 mV (Figure 6)
where the currents are governed by a Nernstian redox titration
of the SorU protein i. e. a steady state is in effect.[15] It can be
seen that above about 200 mM sulfite all of the CVs overlap in
the region at the foot of the wave; SorT is saturated with sulfite
at this point as expected from its known KM value (13 mM).
[5] As
the sweep continues in the positive direction, the CVs diverge
at different potentials (Figure 6B, marked with crosses). At these
points, sulfite depletion occurs due to its rate of consumption
(by SorT) exceeding its rate of diffusion from the bulk across
the membrane and breakdown of the electrochemical steady
state is the result. This has been described by Save´ant and Su
as the ‘total catalysis’ region of a homogeneous redox catalytic
system.[16]
At pH 6 and very high concentrations of sulfite the catalytic
current diminishes (Figure 7 and Supporting information, Fig-
ure S4) while the non-specific sulfite oxidation response
continues to rise. Similar results were seen at pH 7 (Figure 6B
and 7) although the catalytic current was systematically
stronger than at pH 6. We also checked whether product
(sulfate) inhibition was a possible cause of this behavior i. e.
accumulation of sulfate under the membrane. Addition of
100 mM sulfate to catalytically active SorT: SorU in the presence
of sulfite had no effect at all on the CV response (Supporting
Information Figure S6).
Due to the complex nature of the sulfite concentration
dependent profile, which includes substrate inhibition, a
Figure 5. CVs obtained for the a) absence and b) presence of 1.6 mM sulfite
at Au/MPA/chitosan-SorU-SorTWT electrode in 0.1 M phosphate buffer
solution (pH 7.0) at a scan rate of 5 mVs1.
Figure 6. CVs obtained for increasing concentrations of sulfite a) 0, b) 100, c)
200, d) 400, e) 800, and f) 1600 mM at Au/MPA/chitosan-SorU-SorTWT electrode
in 0.1 M phosphate buffer solution at A) pH 6.0 and B) pH 7.0 at a scan rate
of 5 mVs1. The cross symbols highlight the points at which the electro-
chemical steady state breaks down at different sulfite concentrations.
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quantitative analysis of apparent Michaelis constants using
equation 2 (Experimental Section) is of limited use. A ‘brute
force’ application of equation 2 to the data in Figure 7 (ignoring
inhibition) gives approximate Michaelis constants of 100 mM at
both pH 6 and pH 7. A more accurate model which includes
substrate inhibition would require many more data points in
order to extract meaningful kinetic parameters (kcat, KM, KI). A
practical consequence of the experiment is that sulfite mass
transport to SorT is limited by the dialysis membrane so the
voltammetry is typically not at steady state. That is turnover
(current) is not constant at high overpotential so the point at
which current (activity) is measured becomes potential depend-
ent. The data points in Figure 7 were chosen to coincide with
the redox potential of SorU CV which minimizes the baseline
contribution from SorU.
Very recently, we reported the mediated catalytic voltam-
metry of SorT with the artificial electron mediator ferrocenium
methanol[8] on a glassy carbon electrode. In the absence of
dialysis membrane (with SorT, mediator and sulfite all freely
diffusing) a KM,sulfite value of 27 mM was obtained, which is
consistent with solution assays (KM 13 mM).
[5] When a dialysis
membrane was present, with SorT trapped under the mem-
brane while mediator and sulfite were required to diffuse across
the membrane, the voltammetry was more complicated due to
mass transport limitations and much higher sulfite concentra-
tions were needed to achieve saturation.[8]
2.2.3. pH Dependence
As illustrated in Figure 3 the SorU current response is pH
dependent due to the protonation state of the chitosan
promoter. Above pH 7 the SorU redox response is lost as the
chitosan promoter loses its positively charged ammonium
functional groups which are required to bring the negatively
charged SorU and electrode surface together. Figure 8 illus-
trates the catalytic response of the Au/MPA/chitosan-SorU-
SorTWT electrode with 1 mM sulfite in 100 mM mixed buffer
solution in the range of 4.0<pH<7.5. Several interesting
features are apparent. As expected, at pH 7.5, only a non-
specific sulfite oxidation current appears at +400 mV (also see
supporting information Figures S2 and S3). This is a conse-
quence of the Au/MPA/chitosan-SorU-SorTWT composite dissoci-
ating at this pH. Once SorU becomes disengaged from the
electrode the catalytic current ceases as SorT-reduced SorU can
no longer feed electrons into the circuit to sustain catalysis.
This in no way reflects on the catalytic activity of SorT at pH 7.5,
which is in fact considerable as shown by previous studies.[5–6,8]
In the range 6<pH<7 an asymmetric catalytic oxidation
wave emerges at +280 mV as seen in Figures 5 and 6. The
peak-shaped CV is due to sulfite depletion as already
mentioned. As the pH is lowered further (4.5<pH<5.5), the CV
changes to a sigmoidal (steady state) waveform with a smaller
limiting current. The drop in limiting current is due to the
known[4b,5,8] lower activity of SorT below pH 6. This drop in
turnover number means that sulfite mass transport can now
keep pace with enzyme turnover; a true electrochemical steady
state is in place. In addition, an unusual feature is seen where
the forward and reverse sweeps cross over. This hysteresis is
caused by a very rapid outer sphere electron transfer reaction
between the partners SorUox and SorTred. Similar phenomena
have been reported for the mediated catalytic voltammetry of a
different Mo enzyme nitrate reductase (Arabidopsis thaliana)
with methyl viologen as the reductant,[17] where a very large
thermodynamic driving force resulted in oxidation of the
mediator at a rate that exceeded that of its reduction at the
electrode. Finally as the pH falls to pH 4 only the reversible
transient CV of SorU is remains, which reflects the intrinsic
decrease in SorT catalytic activity under acidic conditions.
The pH-activity profile was independent of the direction of
titration and catalytic activity was fully re-established when the
optimal pH was restored. The pH optima of sulfite oxidizing
enzymes mostly cluster around pH 8–8.5.[18] SorT shows an
unusually broad pH optimum with activity essentially constant
Figure 7. Plots of the baseline-subtracted current at the SorU redox potential
(+130 mV) for the Au/MPA/chitosan-SorU-SorTWT electrode in 0.1 M
phosphate buffer at pH 6 (squares) and pH 7 (circles). Figure 8. CVs obtained for the Au/MPA/chitosan-SorU-SorTWT electrode with
1 mM sulfite at different pH values of 100 mM mixed buffer solution at a
scan rate of 5 mVs1.
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in the range 6<pH<10.[4b,5] We also reported the pH depend-
ent activity of SorT with the synthetic mediator ferrocenium
methanol[8] where the catalytic response increased going from
pH 5.5 to pH 10. The very high redox potential of the
ferrocenium methanol mediator (+430 mV vs NHE) leads to a
noticeable interference from non-specific sulfite oxidation at
high pH (>8). Due to the lack of SorU voltammetry above pH 7
only the acidic limb of the pH profile could be examined.
3.3. Catalytic Voltammetry of SorT Variants
The crystal structure of the SorU-SorTWT complex (Figure 1)
revealed that R78 is a key SorT residue that stabilizes several H-
bonding interactions with SorU that facilitate inter-protein
electron transfer.[6] The guanidinium functional group of R78 is
central to this H-bond network and in fact bridges the Mo and
heme cofactors. The catalytic activity of the variants SorTR78K,
SorTR78M and SorTR78Q all of which carry substitutions of R78
were investigated in comparison with the wild type enzyme.
Figure 9 shows the sulfite concentration dependent SorU-
mediated voltammetry of the three SorTR78X variants in compar-
ison with the wild type protein under the same conditions. All
enzymes exhibit some degree of catalytic activity but there is a
large variation. The non-turnover response of SorU in the
presence of SorT but without sulfite is shown in Supporting
Information Figure S5. Although some differences in peak
shape are apparent, these are primarily due to variations in
SorU concentration from one experiment to the next (note
current differences) depending on how dry the film is when the
membrane is attached to the electrode.
In the presence of sulfite the activity of SorTR78K most
resembles that of the wild type enzyme. The quasi-reversible
redox response of SorU at +130 mV transforms into a catalytic
anodic wave (Figure 9 (top right)) with increasing sulfite
concentration. Sulfite depletion is also apparent from the peak-
shaped voltammograms at all sulfite concentrations which
shows that this enzyme oxidizes sulfite faster than it can diffuse
across the membrane. At very high sulfite concentration
(2.4 mM) the catalytic current begins to drop due to substrate
inhibition (Supporting Information Figure S7). The conservative
arginine!lysine substitution retains the H-bonding and pos-
itive charge at position 78 and this leads to retention of activity.
This is reminiscent of S. novella SDH where an equivalent
mutation resulted in only a small change in activity.[19] The
SorTR78Q variant was qualitatively similar and sulfite inhibition
was more significant than any of the other proteins.
The SorTR78M variant exhibited quite different behavior. At all
sulfite concentrations investigated a sigmoidal CV profile was
seen which indicates that this variant is a much slower catalyst
to the extent that sulfite oxidation is never fast enough to
cause substrate depletion under the membrane; the so called
‘kinetic zone’.[16] Secondly, no evidence of sulfite inhibition is
seen at the concentrations investigated. The combined loss of
positive charge and H-bonding capacity of the residue at
position 78 lead to decreased activity of the Mo active site for
sulfite oxidation. A parallel study of the effects of these
mutations on the solution steady state kinetics of SorT reveals
similar trends.[20]
3. Conclusions
The mediated electrocatalytic voltammetry of wild type SorT
sulfite dehydrogenase and three active site variants has been
demonstrated mediated by the native electron transferring
partner SorU cytochrome c at a 3-mercaptopropionate mono-
layer modified Au electrode. The biopolymer chitosan is an
essential component and electroactivity relies upon this redox
inert promoter being positively charged. The SorU modified
electrode exhibited a well-defined, single electron, reversible
response but its voltammetry is influenced by noncovalent
interactions with SorT that occur in the electrocatalytic system.
All variants (SorTR78K, SorTR78Q and SorTR78M) are catalytically
competent in sulfite oxidation activity but at different rates.
The slowest turnover is seen for SorTR78M, which shows a classic
sigmoidal CV indicative of an electrochemical steady state. All
other proteins elicit a peak shaped response which is due to
sulfite being consumed more rapidly by the enzyme than it can
diffuse to the active site across the membrane which entraps
SorU and SorT near the electrode.
Figure 9. CVs obtained for SorTWT, SorTR78K, SorTR78M, and SorTR78Q at a Au/
MPA/chitosan-SorU electrode in the presence of increasing concentrations of
sulfite: a) 0, b) 100, c) 200, d) 400, e) 800, f) 1600, g) 2400, and h) 4000 mM,
0.1 M phosphate buffer solution (pH 7.0) scan rate 5 mVs1.
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Experimental Section
Materials
Recombinant wild type Sinorhizobium meliloti sulfite dehydrogen-
ase (SorTWT) and its variants (SorTR78Q, SorTR78K and SorTR78M) as well
as the c-type cytochrome SorU from were purified following
expression in E. coli as previously described.[4b,5,20] Sodium sulfite,
chitosan (from shrimp shells, 75% deacetylated) and 3-mercapto-
propionic acid were purchased from Aldrich and were used as
received. All other reagents used were of analytical grade purity
and were used as supplied. Phosphate buffer (100 mM) was used
for experiments at pH 6 and pH 7. For pH-dependent experiment,
the mixture of buffers (25 mM citric acid buffer pH 3.0–6.2, 25 mM
Bis-Tris buffer pH 5.8–7.2, 25 mM Tris buffer pH 7.0–9.0 and 25 mM
CHES buffer pH 8.6–10.0) were used and the desired pH was
obtained by titration with dilute acetic acid or NaOH. All solutions
were prepared with ultrapure water (resistivity 18.2 MW.cm) from a
Millipore Milli-Q system.
Electrochemical Measurements and Electrode Cleaning
Cyclic voltammetry (CV) was carried out with a BAS 100B/W
electrochemical workstation. A three-electrode system was em-
ployed comprising a gold disk working electrode, a Pt wire counter
and an Ag/AgCl reference electrode (+196 mV vs NHE). Potentials
are cited versus NHE. Experiments were carried out on buffer
solutions that had been purged with Ar gas for at least 30 min and
an argon blanket was maintained during the measurement. The Au
working electrode was mechanically, chemically, and electrochemi-
cally cleaned and polished according to a published procedure.[21]
The 3-mercaptopropionate (MPA) self-assembled monolayers were
cast on the Au working electrode by immersion in a 5 mM
ethanolic solution of 3-mercaptopropionic acid for 3 h. The thiol
modified electrode was subsequently washed with copious
amounts of ethanol and water to remove the loosely bound thiol
molecules from the electrode surface and dried under nitrogen
before protein immobilization.
The electro-active surface area of the modified electrode (A, cm2)
was determined by CV analysis of a 1 mM ferrocene methanol (FM)
solution in 0.1 M KCl supporting electrolyte at different sweep rates
using the Randles-Sevcik equation [Eq. (1)].[13] The published
diffusion coefficient (Do) of FM is 6.710
6 cm2s1,[22] ip is the
measured current maximum (A), n is the number of electrons, Co is
the FM concentration (molcm3) and n is the sweep rate (V s1).
ip ¼ ð2:69 105Þ n3=2ADo1=2Con1=2 ð1Þ
During experiments with SorT, the variation of the observed
limiting catalytic current (ilim) as a function of sulfite concentration
was measured. Ideally this relationship follows Michaelis-Menten
kinetics according to Equation (2).[23]
ilim ¼
imax SO
2
3
 
KM;app þ SO23
  ð2Þ
where imax is the catalytic current at saturation and KM,app is the
apparent Michaelis constant.
Enzyme Electrode Preparation
A mixture of 1.5 mL of 110 mM SorU, 1.5 mL of 117 mM SorTWT or its
variants (2 mL of 34 mM SorTR78K or 2 mL of 21 mM SorTR78M or 2 mL of
13 mM SorTR78Q) and 2 mL of 0.25% chitosan solution (in 1% AcOH)
was pipetted onto the conducting surface of an inverted, freshly
prepared MPA-modified Au working electrode and this was allowed
to evaporate to a film at 4 8C. To prevent protein loss the enzyme
modified electrode surface was carefully covered with a perm-
selective dialysis membrane (molecular weight cut off 3500 Da),
pre-soaked in water. The dialysis membrane was pressed onto the
electrode with a Teflon cap and fastened to the electrode with a
rubber O-ring to prevent leakage of the internal membrane
solution. The resulting enzyme modified electrode was stored at
4 8C in 100 mM phosphate buffer (pH 7.0) when not in use. Due to
their molecular weights, SorT, SorU and chitosan were confined
under the dialysis membrane but still free to reversibly adsorb to
the electrode surface while sulfite and sulfate were able to diffuse
across the membrane.
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